Within the framework of a simple model of photophysical processes in the Weigelt blobs in the vicinity of the luminous blue variable (LBV) star η Carinae, we explain the presence of the fluorescent O I 8446-Å and forbidden [O I] 6300-Å lines as well as the absence of the allowed O I 7774-Å line in spectra recorded with the Hubble Space Telescope (HST)/STIS instrument (Gull et al.). From atomic data and estimated stellar parameters we demonstrate that there is a population inversion and stimulated emission in the 3p 3 P-3s 3 S transition λ8446 due to photoexcitation by accidental resonance (PAR) by H Lyβ radiation.
I N T RO D U C T I O N
The anomalous intensity ratio between the O I triplets at 8446 and 7774 Å observed in the spectra of various astrophysical sources has been thoroughly discussed in the astrophysical literature. The two multiplets arise from the 3s-3p transition in the triplet and quintet systems of O I, respectively, and they have about the same excitation potential. However, the lines from the triplet system appear much stronger in emission than the quintet system lines in many astrophysical emission line spectra. This anomaly was first noticed by Hiltner (1947) in the spectra of χ Oph, and explained by Bowen (1947) as being due to selective photoexcitation of the triplet system by the wavelength coincidence of the bright H Lyβ 1025.72 Å and the 2p 3 P-3d 3 D transitions at 1025.76 Å. The subsequent decay of the 3d 3 D levels to 3p 3 P creates an overpopulation in the upper levels of the 8446-Å multiplet. The effect was studied and discussed for several Be stars (Slettebeck 1951; Burbidge 1952; Merill 1956 ). In many of these objects, the 7774-Å line appears in absorption. In a study of near-infrared spectra (8200-11200 Å) of 25 'peculiar emission-line objects' recorded at Haute Provence by Andrillat & Swings (1976) the O I λ8446 line was present in all spectra, and anomalously strong in most of them. The phenomenon of the 8446-Å line has been studied for stellar atmospheres extensively (Strittmatter et al. 1977; Damineli 2001) . At the time when satellite spectra became available in the ultraviolet region, the decay of the lower levels of the λ8446 lines, i.e. the 3s-2p triplet transition at 1302 Å could be investigated. For example, Haisch et al. (1977) showed that the anomalously bright O I UV triplet in the spectrum of Arcturus could be explained by cascading from the Lyβ-pumped 3d levels. The O I λ1302 lines were later studied extensively in cool E-mail: Sveneric.Johansson@astro.lu.se star chromospheres by Jordan & coworkers (see e.g. Jordan 1988) , and detailed modelling of the lines in the Sun and stars was done by Carlsson & Judge (1993) . Fluorescence due to Lyβ pumping was also shown to be active in the solar chromosphere (Skelton & Shine 1982) .
The O I 8446-Å multiplet has also been observed in the Orion nebula, and its appearance was explained as fluorescence due to Lyβ pumping by Münich & Taylor (1974) , while Grandi (1975) proposes direct starlight photoexcitation as the population mechanism. Grandi (1980) also examined spectra of 16 Seyfert galaxies, 13 of which showed broad O I λ8446 emission. In all these cases Grandi concludes that Lyβ pumping is the excitation mechanism, which requires a large oxygen abundance, a source of Lyβ photons and a large depth in Hα. Kastner & Bhatia (1995) have employed a detailed model of the oxygen atom under optically thin conditions to calculate fluorescent line intensities expected in the photoexcitation by accidental resonance (PAR) process in which Lyβ photoexcites O I. They applied their model to verify the operation of the PAR process behind the 8446-Å lines observed in spectra of classical novae.
A detailed analysis of the population of the O I levels under PAR excitation conditions has raised the question about an inverted population in the 3p 3 P levels and, accordingly, the possibility of laser effect in the 8446-Å transition in astrophysical sources (Letokhov 1972; Lavrinovich & Letokhov 1974) . However, such an effect has earlier been very difficult to observe because of insufficient angular resolution and also because of the difficulty to distinguish the PAR excitation mechanism from collisional excitation and recombination processes.
In this paper, we discuss the presence of the O I λ8446 multiplet in gas condensations close to the central source of η Carinae, for which two fundamental achievements in observational astronomy C 2005 The Authors. Journal compilation C 2005 RAS have radically changed the situation. First, the development of highangular-resolution techniques using speckle interferometry made it possible to discover the gas condensations (the Weigelt blobs) located only some tenths of an arcsec from the central source in η Carinae (Weigelt & Ebersberger 1986) , one of the most massive and luminous stars in our Galaxy. Secondly, the launch of the Hubble Space Telescope (HST) with the High Resolution Spectrograph (HRS) and later the Space Telescope Imaging Spectrograph (STIS) (Kimble et al. 1998 ) made it possible to observe spectra at high spectral and angular resolution, e.g. spectra of the Weigelt blobs resolved from spectra of the central star. The acquisition of such spectral data (Gull et al. 2001 ) made the interpretation of the photophysical processes occurring in the Weigelt blobs simpler and more certain. It was exactly these observational circumstances that made it possible to detect the inverted population and stimulated emission of the Fe II spectral lines in the wavelength range 0.8-2 µm (Johansson & Letokhov 2002 , 2003 , 2004 .
In this paper, we explain, within the framework of a simple model and using HST/STIS data (Gull et al. 2001) , the behaviour of the O I λ8446, [O I] λ6300 and O I λ7774 lines in spectra of the Weigelt blobs in η Carinae. We also demonstrate that the population inversion and stimulated emission occurs in the 3p 3 P-3s 3 S transition (λ8446) generated by H Lyβ radiation in a PAR excitation mechanism. This is, to a certain degree, a natural extension of our concept of the Fe II laser operative in the Weigelt blobs of η Carinae.
E X C I TAT I O N M E C H A N I S M S O F T H E O I S P E C T R A L L I N E S I N T H E W E I G E LT B L O B S
The Weigelt blobs constitute a unique natural astrophysical laboratory allowing the photophysical processes occurring in the vicinity of luminous blue variable (LBV) stars to be studied under ideal conditions. Therefore, following our previous work on Fe II laser lines in the gas condensations in the vicinity of η Carinae, it was natural for us to investigate a similar laser action in the O I λ8446 line. The Weigelt blobs are characterized by a relatively high (10 7 -10 8 cm −3 ) hydrogen density (Davidson & Humphreys 1997) . The front part of the blobs absorbs the Lyman continuum radiation at λ < 912 Å (I H I = 13.595 eV). The ionization potential of O I is somewhat higher (I O I = 13.616 eV), so, in principle, oxygen should remain unionized in the H I region of the Weigelt blobs. This would be a unique situation wherein the O II spectrum should be absent and the PAR excitation of O I should be distinct. In other words, the anomalous behaviour of the intensities of the O I λ8446 lines should be extreme. This is confirmed in spectra obtained with the HST/STIS instrument (Gull et al. 2001) . Fig. 1 illustrates qualitatively the geometry of the irradiation reaching one of the Weigelt blobs by the photospheric radiation of η Carinae. It is similar to the irradiation geometry of the Fe II astrophysical laser studied in detail in our previous work (Johansson & Letokhov 2004) . The Lyman continuum radiation photoionizes the front part of the blob, but fails to penetrate deep inside it because of the high hydrogen density. In other words, the Strömgren boundary is located in the front part of the Weigelt blob. As a result, oxygen atoms (in contrast to their iron counterparts) cannot be ionized by radiation at λ > 912 Å. Therefore, the H I region of the blobs is also an O I region with a temperature of T bl 5000 K (Verner et al. 2002) . The role of other processes that can ionize oxygen (e.g. charge exchange with H II) is not significant in this particular case because of lack of H II inside the blob. This is a key point in the explanation of the mechanisms responsible for the appearance of anomalies in the O I spectrum. Fig. 2 presents a simplified energy level diagram of O I, the relevant quantum transitions and three processes whereby low-lying forbidden transitions and allowed transitions between highly excited states can be excited. In the absence of O + ions, radiative recombination cannot populate the 3p 5 P term, and, accordingly, the O I 7774-Å quintet transition should not appear in the spectrum of the Weigelt blobs. This is confirmed by the HST/STIS data (Gull et al. 2001 ) in this spectral region as shown in Fig. 3(b) . On the other hand, the presence of Lyβ radiation from the H II region of the blob and from the stellar wind provides for resonant photoexcitation of 3d 3 D levels. By cascading, the 3p 3 P levels get populated, which is implied by the appearance of the O I 8446-Å fluorescence line, as shown by the HST/STIS spectral data (Gull et al. 2001) in Fig. 3(a) . Thus, a characteristic of the Weigelt blobs is an extreme ratio between the intensities of the O I spectral lines λ8446 and λ7774, much higher than that observed in stellar atmospheres. In many cases, the 7774-Å line is observed in absorption in stellar spectra due to the long lifetime of the lower quintet level. It is quite natural that both O I excitation mechanisms -PAR excitation and recombination excitation in the presence of O + ions -are effective in outer atmospheres of stars.
The HST/STIS Weigelt blob spectrum (Gull et al. 2001 ) presented in Fig. 3(c) excited, this is evidence of a substantial electron temperature (T e ≈ a few kK) in the H I region of the Weigelt blobs (Verner et al. 2002) . The energetic edge of the distribution of electrons with such a temperature is high enough to provide collisional excitation of the lowlying metastable levels in O I, which explains the appearance of the [O I] 6300-Å line. It should also be pointed out that in case of an optically thick 1302-Å line the trapping of resonance radiation can populate the 3s 3 S. With a branching fraction of the order of 10 −5 the 3 S level can decay radiatively to 2p 41 D in the 1643-Å transition, thereby yielding a collisionless contribution to the population of the upper level of the forbidden 6300-Å line. Note in this connection, that it would be interesting to analyse the kinetics of the intensity variation of this line during the course of the spectral events of η Carinae. Such an analysis would provide additional information about the major excitation process and possibly the temperature and electron density in the H I region of the Weigelt blobs. However, such an analysis is beyond the scope of the present paper.
Having given a qualitative explanation of the intensity anomalies of the three O I lines observed in spatially resolved HST/STIS spectra of the Weigelt blobs, let us address ourselves to the problem of inverted population in the fluorescence line at 8446 Å.
I N V E RT E D P O P U L AT I O N I N T H E p P -s S T R A N S I T I O N ( 8 4 4 6 Å )
Fig. 4 presents a partial diagram of the energy levels in O I that participate in the PAR excitation by the H Lyβ radiation and formation of the intense O I 8446-Å fluorescence lines (Bowen 1947) . We focus here on the sharp resonant pumping by Lyβ of two O I lines, but for a broader Lyβ profile ( λ > 3-4 Å), all 3d 3 D and 3p 3 P fine-structure levels will be populated.
The frequency detuning, ν, between the centre of Lyβ at λ = 1025.722 Å and the O I absorption lines at 1025.762 and 1025.763 Å is only 0.04 Å. In the case of O I, there is no problem to compensate for the frequency detuning between the pumping radiation and the absorption lines compared to the case of the astrophysical laser operating in Fe II. The latter is pumped by H Lyα, where ν ≈ 2.5 Å, and represents a case that required a special analysis (Johansson & Letokhov 2004) . Two photoexcited levels, 4 (see Fig. 4 ), decay radiatively to two fine-structure levels, 3, by emitting radiation at wavelengths λ 43 = 11 287 and 11286 Å, which is outside the wide spectral interval observed with the HST/STIS facility. The next radiative decay channel is the 3 → 2 transition accompanied by the emission of radiation at λ 32 = 8446.4 and 8446.8 Å. Most important is the fact that the lower levels of these transitions decay radiatively to the ground state within approximately 1 ns, i.e. 20 times faster than the decay of the upper levels, 3. For this reason, there always exists an inverted population in the allowed 3 → 2 transition, since the role of any collisional quenching on this time-scale occurring in the Weigelt blobs is negligible. The possible role of resonance radiation trapping in the λ1302 line is discussed in Section 6.
The inverted population in the 3 → 2 transition is defined by the following expression:
where N n is the density of oxygen atoms in level n. Once excited to level 4, the oxygen atoms can decay radiatively to the initial state 1 at the rate A 41 or to level 3 at the rate A 43 . Therefore, the steadystate population of level 3 is related to the excitation rate W 14 exc by the relation
where N 1 is the density of oxygen atoms in the ground state, which is equal to the density 
where g n is the statistical weight of level n. The inverted population density of levels 3 and 2, N 32 , is defined by the expression
which, considering that hν 14 kT β , can be reduced to
Most closely tuned to resonance with Lyβ are two of the five components in the 2p 4 3 P-2p 3 3d 3 D multiplet of O I, namely, those at λ = 1025.762 and 1025.763 Å (Fig. 4) . In accordance with the schematic diagram of the cascading radiative decay of the excited levels, 4 (Fig. 4) , population inversion occurs in two of the three finestructure components of the 3 → 2 transition: at λ = 8446.4 and 8446.8 Å. We will postpone a detailed analysis of these two pathways of PAR, yielding the two laser lines 8446.4 and 8446.8 Å and a comparison of anomalous intensity ratios expected from stimulated emission for a future publication. This is natural, since, unfortunately, the spectral resolution of the HST/STIS data (Gull et al. 2001 ) is inadequate to discriminate between these two spectral lines and the unpumped line at 8446.2 Å. To estimate the magnitude of the ratio, let us consider the strongest PAR and cascade radiative decay pathway in Fig. 4 (solid lines) 1025.762 Å → 11287 Å → 8446.4 Å (1 → 4) (4 → 3) (3 → 2). 
The next step is to estimate the magnitude of T β that can provide for a substantial amplification coefficient for the 8446-Å line under the physical conditions present in the Weigelt blobs.
A M P L I F I C AT I O N C O E F F I C I E N T O F T H E 8 6 -Å L I N E I N T H E W E I G E LT B L O B S
The amplification coefficient for the 3 → 2 transition, α 32 , is defined by the standard expression
where σ 32 is the cross-section of the 3 → 2 radiative transition, given by
where ω 
SPAT I A L F E AT U R E S O F P H OTO S E L E C T I V E E X C I TAT I O N O F T H E O I AT O M S B Y T H E LY β R A D I AT I O N A N D A M P L I F I C AT I O N W I T H I N T H E W E I G E LT B L O B S
The sources of the Lyβ radiation is the H II region of the given blob ( Fig. 1) as well as the stellar wind surrounding the blob. However, the Lyβ radiation is absorbed not only by the O I atoms, but also by H atoms in the H I region of the blob. To gain an insight into this situation, However, one should take into account (1) the gradual decrease of the densities N H and N O on the periphery of the blob and (2) the perceptible level of the amplification coefficient α 32 at low N O densities (Fig. 5) . In the outer shell of the blob, the penetration of the Lyβ radiation and hence the PAR excitation of O I by this radiation are effective enough and, at the same time, the density of O I atoms is quite sufficient for amplification to take place: α 32 ≈ 10 −14 cm −1
at T β ≈ 10 000 K (Fig. 5) . Fig. 7 qualitatively illustrates the radial distribution of the N O density and Lyβ intensity in the blob that leads to the conclusion that the amplification α 32 predominantly takes place exactly in the outer shell of the blob where l D, where D is the diameter of the blob, the maximum amplification length along the chord line of the amplifying shell is given by
For D ≈ 10 15 cm and l exc ≈ 10 13 cm, the amplification length is L amp 2 × 10 14 cm, which is quite sufficient to obtain a substantial amplification at 8446 Å. At the effective (spectral) temperature of the Lyβ radiation within the Weigelt blobs, stimulated emission takes place inside a spherical shell with a ring-like stimulated emission zone for the observer. This effect can be observed with a ground-based telescope having a spatial resolution a few times better than D.
Secondly, let us estimate the effect of the presence of H I on the absorption of the radiation exciting O I. As can be seen from With N H /N O 10 3 , the absorption coefficient of the Lyβ radiation by hydrogen, x H (Lyβ), at the frequency of the O I absorption line centre is x H 10 −2 x O I , and it is still lower in the red Doppler wing of the O I λ 14 spectral line. Thus, the contribution of hydrogen to the absorption of radiation exciting O I is not more than 1 per cent of its absorption by O I itself, and has thus no effect on the excitation depth l exc of the latter.
As one can see from Fig. 6 , the O I atoms can be excited to make the 1 → 4 transition by both the Lyβ radiation of high Doppler width that comes from the hot, H II region of the blob and the Lyβ radiation of the stellar wind.
O P T I C A L D E P T H E F F E C T S O N I N V E RT E D P O P U L AT I O N F RO M T H E O I 1 3 0 2 -Å L I N E
In Section 5 it was shown that the optical depth of the pumping Lyβ radiation in the Weigelt blobs with a hydrogen density N H 10 8 cm −3 is very high at the centre of the blob. The Lyβ radiation can only penetrate into the outer shell of the blob, and hence the amplification of the 8446-Å line can only take place in the outer shell, as shown in Fig. 7 . The estimated hydrogen and oxygen densities in this shell region are N H 10 4 − 10 5 cm −3 and N O 10 − 10 2 cm −3 , respectively. These values correspond to an excitation length l exc 10 13 − 10 12 cm. However, it is necessary to estimate the possible influence of the optical depth in the O I λ1302 line, since a large optical depth and corresponding resonant trapping of radiation can enhance the effective lifetime of level 2, the lower level in the λ8446 laser lines (Holstein 1947 ).
The radiative cross-section for the most intense fine-structure component of the resonance multiplet (the 1 → 2 transition in Fig. 4 ) is given by and N O 10-10 2 cm −3 and with an excitation (pumping) length of l exc 10 13 -10 12 cm, the optical depth for the λ1302 line is τ
The enhancement of the effective lifetime, t eff 2 , of level 2 is determined by the following expression (Holstein 1947; Molish & Oehry 1998) :
where t 2 is the radiative lifetime of level 2. The effective lifetime of level 2 thus becomes t eff 2 ≈ 2.6 t 2 ≈ 4.4 ns, i.e. t eff < t 3 = 31 ns. Thus, the estimated influence of the resonant radiative trapping on the population inversion N 32 is about 10-20 per cent and cannot remove the this inverted population in the thin outer shell of the blob considered here (Fig. 7) . Nevertheless, it is necessary to have in mind the sensitivity of the inverted population in the 8446-Å line for resonant radiative trapping in the 1302-Å line under different space plasma conditions.
C O N C L U S I O N
The present paper interprets the anomalous ratio between the intensities of the O I λλ8446,7774 lines in spectra of the Weigelt blobs in the vicinity of η Carinae. A peculiar situation occurs in the H I region of the blobs wherein the neutral O atoms are present, while the O + ions are not. This makes the effect of PAR excitation of O I by Lyβ radiation, suggested by Bowen (1947) , very vividly and uniquely expressed in the spectra obtained with the HST/STIS instrument (Gull et al. 2001) , as compared with the anomalies of these lines in stellar atmospheres and planetary nebulae. Based on our previously developed model of the photophysical processes taking place in the Weigelt blobs, we have explained the extreme anomalies in the O I spectra in the blobs, examined the development and magnitude of the inverted population in the 3p 3 P-3s 3 S (8446 Å) transition, estimated the amplification coefficient in this transition in the H I region of the blobs, and qualitatively analysed the geometry of the amplifying region.
The appearance of the forbidden line at 6300 Å is naturally explained by low-energy electron excitation in the H I region having a temperature of 5000 K (Verner et al. 2002) .
The experimental evidence that there is a laser effect at λ = 8446 Å in the Weigelt blobs can be verified by direct observations with ground-based telescopes, capable of high spectral and spatial resolution, by studying the following effects: the sub-Doppler width of the 8446-Å spectral line, and the ring-like shape of the radiation from the 8446-Å emitting zone (Johansson & Letokhov 2005) .
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